
Metabolic syndrome (MS), first described by Reaven

[1], is comprised of obesity, hypertension, impaired glu�

cose tolerance or diabetes, hyperinsulinemia, and dyslipi�

demia characterized by elevated triglyceride and low

HDL (high density lipoprotein) concentrations. Several

new features have been added to the syndrome over time,

including pro�inflammatory states, microalbuminuria,

and hypercoagulability [2�4]. This syndrome has been

found to be significantly associated with coronary heart

disease, stroke, and type 2 diabetes mellitus [5�7].

Liver has important roles in the metabolisms of glu�

cose and lipids, coagulation, and fibrinolysis. The pro�

duction of glucose by liver is an essential process that

maintains systemic normal levels of glucose [8]. As the

principal organ of lipogenesis, liver is responsible for the

production of triglycerides from excess dietary carbohy�

drate [9] and degradation of apoB�100�containing

lipoproteins [10]. The majority of factors required for

coagulation as well as fibrinolytic cascades are generated

and secreted into the bloodstream by liver, which plays

important roles in the development of hypercoagulable

states [11]. Therefore, liver plays key roles in the develop�

ment of MS.

The pathogenesis of MS has multiple origins and has

been found to be the result of complex interactions

between genetic and environmental factors [12]. The

prevalence of MS varies very greatly, from 7 to 84% [13,

14]. These differences can be explained by the criteria

involved in MS, age, sex, and study populations. In addi�

tion, genetic differences must be considered because vari�

ations of MS prevalence indicate that some people have a

genetic predisposition making them more susceptible to

MS although they are living in the same environments

[15, 16]. Mutations and polymorphisms in some genes

may be the determinants of this genetic predisposition. In

fact, a series of genes have been identified to be associat�
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Abstract—Identification and characterization of novel genes involved in derangement of metabolisms of glucose and triglyc�

erides are important in understanding the development of metabolic syndrome (MS) and atherosclerosis. Model rats with

certain phenotypes of MS were fed a high�carbohydrate diet. The rat hepatic subtracted cDNA libraries were constructed

and screened. A novel cDNA of full length was identified by screening of a human hepatic cDNA library with a mixture of

probes of the differentially expressed fragments from the rat hepatic subtracted cDNA libraries. The corresponding gene of

the cDNA was temporarily named metabolic syndrome�associated gene (MSAG). The predicted protein encoded by MSAG

contains 110 amino acids and has a theoretical molecular weight of 11667.04 and an isoelectric point of 4.91. Compared

with the housekeeping gene of β�actin, MSAG had low transcription activity. However, the mRNA level of MSAG in HepG2

cells, a human hepatoma cell line, was significantly increased by glucose and decreased by insulin concentrations higher

than physiological levels. These results suggest that MSAG may be involved in the metabolism and/or its regulation of glu�

cose, the functioning of insulin under non�physiological conditions, and further in the development of metabolic syndrome.
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ed with insulin resistance, adipocyte abnormality, hyper�

tension, and lipid abnormalities, which have been shown

to be associated with MS [12, 17]. However, functions of

these genes cannot explain all the pathophysiology of

MS. More studies are needed to identify the unknown

genetic factors that interact with environmental factors to

produce the syndrome.

In the present study, we introduced a rat model hav�

ing some features of MS and constructed and screened rat

hepatic subtracted cDNA libraries. A novel cDNA of full

length was identified by screening of a human hepatic

cDNA library with the mixture as probes of the differen�

tially expressed fragments from the rat hepatic subtracted

cDNA libraries. We temporarily name this novel gene as

metabolic syndrome�associated gene, MSAG. Some char�

acteristics of this novel gene have been determined in

HepG2 cells.

MATERIALS AND METHODS

The flow diagram of this experiment is shown in the

Scheme. Male Wistar rats of about 250 g were purchased

from Sichuan University Animal Center. After arriving,

all the animals were fed normal commercial diet contain�

ing 62% carbohydrate, 17% protein, and 21% fat of the

total calories. After 7 days, the rats were randomly divid�

ed into two groups. The control rats were still fed the nor�

mal diet. The model rats received a prepared high carbo�

hydrate diet containing 80% carbohydrate, 15% protein,

and 5% fat of the total calories for six days. The levels of

plasma glucose, triglycerides, and plasminogen activator

inhibitor�1 (PAI�1) as well as activated partial thrombo�

plastin time (APTT) and prothrombin time (PT) were

measured as described previously [18].

Total RNA and polyA+ mRNA were isolated and

purified from model or control rats using the EZNA®

Total RNA Maxiprep kit (Omega Biotek, USA) and

Oligotex Midi mRNA kit (Qiagen, USA), respectively.

PolyA+ mRNAs from the same group of rats were mixed

together. Reverse transcription of polyA+ mRNA was per�

formed with SMART PCR cDNA Synthesis kit

(Clontech, USA). The subtracted cDNA libraries were

constructed by suppression subtractive hybridization

(SSH) using PCR�Select cDNA Subtraction kit

(Clontech). After two hybridizations, two suppression

PCR amplifications were performed. The subtracted

PCR products were cloned into the pMD18�T vector

(TaKaRa Biotech, China). Positive clones were identified

by differential screening of the forward� and reverse�sub�

tracted cDNA libraries.

The differentially expressed fragments were ampli�

fied by PCR from the positive cDNA clones of the sub�

tracted cDNA libraries. The PCR products were

cleaned, mixed, and labeled with horseradish peroxidase

(HRP) using North2South® Direct HRP Labeling and

Detection kit (Pierce, USA). The HRP�labeled products

were then used as probes to screen a human hepatic

cDNA library (Clontech). After the first, second, and

third screening, transduction of a positive λTripIEx lysate

into Escherichia coli strain BM25.8 promoted circulariza�

tion of pTripIEx. The positive circularized plasmids were

identified by double enzyme digestion. The identified

full�length cDNAs were sequenced. From the full�length

cDNA sequences, deduced partial protein sequences

were blasted against the GenBank database using the

BLAST program. As the result, a novel gene was found

and temporarily named as metabolic syndrome�associat�

ed gene, MSAG. Further analysis of the predicted protein

was performed by using ExPASy search programs

(http://cn.expasy.org/tools). For alignment of different

mammals, amino acid sequences of MSAG of human

(GenBank accession number, NM_173473.2), mouse

(BC025117), Bornean orangutan (CR857550), rhesus

monkey (XM_001106406), dog (XM_856703), pig

(AK238981), and cow (BC114889) were retrieved from

the Nucleotide Collection (nr/nt) Database using the

tblastn program (http://www.ncbi.nlm.nih.gov/blast/

Blast.cgi). MSAG gene sequences of rat and horse were

retrieved from the UCSC Genome Browser Database

(http://genome.ucsc.edu/) using the BLAT tool (http://

genome.ucsc.edu/cgi�bin/hgBlat). These gene sequences

were translated into amino acid sequences using the

DNAStar tool. Amino acid sequences were aligned using

the software ClustalX.

HepG2 cells, a human hepatoma cell line, were

maintained in DMEM medium (5.6 mM glucose)

(Gibco, USA) supplemented with 10% heat�inactivated

fetal bovine serum (Gibco), 100 U/ml penicillin,

100 µg/ml streptomycin, and 1 mM L�glutamine

(Amresco, USA) at 37°C and 5% CO2. After being grown

to 90% confluence, the cells were starved for 24 h in a

serum�free DMEM and then incubated with glucose�

and serum�free medium with 0.5% bovine serum albumin

(BSA) (Roche Applied Science, Germany) at different

concentrations of glucose (2.8, 5.6, 11.1, 22, and

33.3 mM) or serum�free medium with 0.5% BSA at dif�

ferent concentrations of insulin (0, 0.1, 1, 10, 100, and

1000 nM) or glucagon (0, 0.01, 0.1, 1, 10, 100, and

1000 nM), respectively, for 48 h. Mannitol was used as the

control of osmotic pressure by adding different concen�

trations of mannitol (0, 2.8, 8.3, 19.2, 30.5 mM) to the

medium.

Total RNA was isolated from cultured HepG2 cells

and the possibly remaining DNA was digested by RNase�

free DNase І (TaKaRa Biotech). Oligo(dT) primers and

ReverTra Ace reverse transcriptase (Toyobo, Japan) were

used to perform reverse transcription of total RNA. Real�

time quantitative PCR (RTQ�PCR) was performed using

an ABI 7300 Real�Time PCR System and Sequence

Detection Software (version 1.3.1) (Applied Biosystems,

USA) by the following cycle parameters: 1 min at 95°C,
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Male Wistar rats: fed normal diet for 7 days
and randomly divided into two groups

Control rats: fed normal diet Model rats: fed high carbohydrate diet

After 6 days, plasma glucose, triglycerides, APTT, PT, and PAI�1 were measured. Liver was
taken for mRNA isolation. PolyA+ mRNAs from the same group of rats were mixed together

Subtracted cDNA libraries were constructed by SSH

Positive clones were identified by differential screening

Differentially expressed fragments were amplified by PCR
from the subtracted cDNA libraries. The PCR products were mixed

and labeled with horseradish peroxidase (HRP)

HRP�labeled products were used as probes
to screen a human hepatic cDNA library

Identified full�length cDNAs were sequenced
and bioinformatically analyzed

A novel gene was found and temporarily named as MSAG

HepG2 cells were incubated with glucose, insulin, glucagons,
and mannitol at different concentrations for 48 h

Total RNA was isolated from cultured HepG2 cells

Reverse transcription of total RNA
and RTQ�PCR of MSAG were performed

Results were analyzed

Scheme of the present study
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followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C.

All data were normalized to β�actin expression. For each

sample, RTQ�PCR was conducted in triplicate with a

reaction volume of 25 µl. The following primers and

probes synthesized by TaKaRa were used for the PCR.

For MSAG: forward primer, 5′�GGGTCAGTG�

GAAGTTCTGTCAC�3′; reverse primer, 5′�TCTCTCA�

GAGCCATCTTCTAACATC�3′; oligonucleotide probe,

5′�FAM�CTGGTTTCAGTGTCTCAGACCTTGCCC�

TAMRA�3′. For β�actin: forward primer, 5′�ACCCT�

GAAGTACCCCATCGAG�3′; reverse primer, 5′�ACAT�

GATCTGGGTCATCTTCTCG�3′; oligonucleotide

probe, 5′�FAM�TCACCAACTGGGACGACATGGA�

GAAA�TAMRA�3′.
All quantitative values were expressed as means ±

SD. The significance of differences for the numerical

traits between model and control rats was tested using the

t�test. The significance of differences of the quantitative

values among the different concentrations of glucose,

mannitol, insulin, and glucagons was analyzed by one�

factor analysis of variance or rank sum test. The

Student–Newman–Keuls (SNK) test was used for fur�

ther comparison. Two�sided p < 0.05 values were consid�

ered to be statistically significant.

RESULTS

The table shows the characteristics of the model rats.

Compared with the control rats, the model rats had more

weight increase, higher levels of glucose and triglycerides,

showing hypercoagulable status, and therefore some fea�

tures of MS.

The mixture of differentially expressed fragments

from the rat hepatic subtracted cDNA libraries was used

to screen a human hepatic library. After three screenings

(Fig. 1), 68 positive clones were found. Twenty randomly

identified full�length cDNAs were sequenced. One of the

full�length cDNAs identified has not been reported

before, and we temporarily named it as metabolic syn�

drome�associated gene, MSAG. The MSAG cDNA

Parameter

Weight increase, %

Glucose, mM

Triglycerides, mM

APTT, sec

PT, sec

PAI�1, IU/ml

Control rats
(n = 11)

8.30 ± 5.0

8.10 ± 1.7

0.48 ± 0.21

24.80 ± 4.5

13.40 ± 2.0

0.41 ± 0.07

Model rats
(n = 12)

14.30 ± 4.2*

10.30 ± 1.9*

1.39 ± 0.33*

20.80 ± 4.4*

10.00 ± 1.1*

0.50 ± 0.09*

Characteristics of model rats compared with control rats

(means ± SD)

* p < 0.05 compared with control rats.

Fig. 1. Screening of a human hepatic cDNA library by the mixture of differentially expressed fragments amplified by PCR from the positive cDNA

clones of the rat hepatic subtracted cDNA libraries: a) second screening; b) third screening.

a b
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sequence was submitted to GenBank as a novel gene with

Accession No. EU552924.

MSAG encodes a polypeptide of 110 amino acids

with a theoretical molecular weight of 11667.04 and an

isoelectric point of 4.91. This protein has no signal pep�

tide. It has four N�myristoylation sites at 11�

16 (GGvsGS), 12�17 (GVsgSS), 15�20 (GSsvTG), and

20�25 (GSgfSV), one casein kinase II phosphorylation

site at 24�27 (SvsD), and two protein kinase C phospho�

rylation sites at 50�52 (SeR) and 66�68 (TlK). These

results suggest that this protein is unlikely to be a secreto�

ry protein and may play a role in some signaling pathways.

Figure 2 shows amino acid sequence comparison of

known MSAGs from different mammals.

To test the effects of glucose, insulin, and glucagon

on MSAG expression, the mRNA copies of MSAG in

HepG2 cells were measured and normalized with the

copies of the housekeeping gene of β�actin. As shown in

Fig. 3a, the mRNA ratio of MSAG to β�actin increased

when the cells were incubated with glucose from below

physiological concentration (2.8 mM) to physiological

concentration (5.6 mM). Increased concentration of glu�

cose from 5.6 to 11.1 mM did not significantly change the

mRNA ratio. When glucose was further increased from

Fig. 2. Multiple mammal alignment of the amino acid sequence of MSAGs. The numbering was based upon the amino acid sequence of

MSAG. The residues in each column were designated as white or black according to the consensus character assigned to that column: a)

MSAG; b) human; c) mouse; d) Bornean orangutan; e) rhesus monkey; f) horse; g) dog; h) pig; i) cow; j) rat.

Fig. 3. Effect of glucose (a), mannitol (b), insulin (c), and glucagon (d) on the MSAG mRNA to β�actin mRNA ratio in HepG2 cells. Values

are expressed as mean ± SD of four independent experiments and triplicates in each experiment. a) * p < 0.05 compared with that at the con�

centration of 2.8 mM; # p < 0.05 and ∆ p < 0.001 compared with those at other concentrations; c) * p < 0.05 compared with those at the con�

centrations of 0, 0.1, 1, and 10 nM.
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11.1 to 22 and 33.3 mM, the mRNA ratio was increased

significantly. No effects were observed of mannitol as a

control of osmotic pressure on the expression of MSAG in

HepG2 cells (Fig. 3b). In addition, insulin with its con�

centration varying from 0.1 to 1 and 10 nM under physio�

logical conditions had no effects on the mRNA ratio (Fig.

3c). Further increase of insulin from 10 to 100 nM signif�

icantly lowered the mRNA ratio. However, the effect of

insulin at concentrations between 100 and 1000 nM on

the mRNA ratio was not significantly different. No sig�

nificant effects were found of glucagon on the mRNA

ratio (Fig. 3d).

DISCUSSION

Changes of the level and the pattern of gene expres�

sion are one of the main driving forces of biological

processes in living organisms, and their disorders may

result in pathological alterations [19]. It is important to

identify these changes in order to understand the molecu�

lar mechanism of related diseases. The pathogenesis of

MS is complex and has not been well elucidated yet. A rat

model has been used in our laboratory to study the

derangements of metabolisms of glucose and triglycerides

because the model animals showed the phenotypes of

hypertriglyceridemia, an increase of body weight, a higher

level of plasma glucose, and a lower level of HDL�C [20].

To explore the function of MSAG and confirm the

association of MSAG with the phenotypes of MS, the

effects of glucose, insulin, and glucagon on the mRNA

levels of MSAG in HepG2 cells, a developed human

hepatoma cell line possessing shapes and functions simi�

lar to freshly isolated hepatocytes, were tested [21]. When

the cells were cultured with a physiological concentration

of glucose and without any other stimuli, the mRNA ratio

of MSAG to β�actin was found to be from 0.027 to 0.19

(Fig. 3), indicating that MSAG has low transcription activ�

ity compared to the housekeeping gene of β�actin. Given

that 2.8 mM is far less than the necessary concentration of

glucose required for normal growth and proliferation of

cells, these results indicate that MSAG is up regulated by

glucose but down�regulated by insulin at higher than

physiological concentrations. This suggests that this novel

gene might be involved in the development of MS.

The decrease of MSAG mRNA in the HepG2 cells

cultured with high concentrations of insulin was probably

due to activation of the mitogen�activated protein kinase

(MAPK) cascade. HepG2 cells express insulin receptor

[22]. This receptor is a receptor tyrosine kinase (RTK)

that uses docking proteins, such as insulin receptor sub�

strates (IRS) 1�6, to subsequently activate the MAPK

cascade. It has been previously reported that this process

is involved in the regulation of gene expression [23]. No

significant change of MSAG mRNA expression was

observed in cells treated with insulin at 100 and 1000 nM,

which could be the result of binding saturation of insulin

receptor or an insulin�stimulated down�regulation of the

insulin receptor by high concentrations of insulin [24].

The response of MSAG mRNA to glucose was probably

induced by inhibition of AMP�activated protein kinase

(AMPK) or activation of protein kinase C (PKC). Zang et

al. [25] reported that exposure of HepG2 cells to elevated

glucose (30 mM) for 24 h decreased AMPK phosphoryla�

tion and inhibited AMPK, which was involved in the reg�

ulation of the expression of some genes in cells [26]. Raile

et al. [27] reported that the gene expression of IGF�I

receptor (Igf1r), insulin receptor (Insr), insulin receptor�

related receptor (Insrr), and the metabolic glycolysis gene

liver�type pyruvate kinase (Pklr) was increased in rat islets

exposed to high glucose (25 mM) compared with inter�

mediate (6.2 mM) or low glucose concentration

(1.6 mM). AMPK might be involved in the regulation of

Igf1r, Insr, and Insrr expression. It is known that high glu�

cose increases the level of diacylglycerol (DAG) in cells

via de novo synthetic pathways, with glycerol�3�phos�

phate, an intermediate of glycolysis. DAG newly generat�

ed from de novo synthesis is distributed to intracellular

DAG pools. Increased cellular DAG leads to activation of

specific PKC isoforms [28]. Activated PKC mediated by

high glucose also has been shown to regulate the gene

expression of many proteins at the mRNA level [29, 30].

In addition, insulin also can activate PKC through

DAG pathway and produce a series of biological effects via

protein phosphorylation. RTK of insulin activates phos�

pholipase C (PLC), which hydrolyzes phosphatidylinosi�

tol biphosphate (PIP2) and produces DAG. This product

subsequently induces an increase in phosphorylation and

translocation of specific PKC isoforms [31]. However, the

PKC isoforms activated by glucose and insulin are not

identical [31, 32] and this could be an explanation for the

different changes of the expression of MSAG mRNA

induced by glucose and insulin. Overactivation of PKC

isozymes could lead to insulin resistance (IR). PKC has

been demonstrated to phosphorylate serine/threonines in

both the insulin receptor and IRS�1 [33], leading to the

decrease in the ability of insulin to stimulate glucose

transport and its metabolic effects. Another mechanism of

IR induced by the activation of PKC is probably via the

increase of oxidative stress and the activation of IκB kinase

(IKK) and/or the nuclear factor (NF)�κB pathway. It has

been shown that hyperglycemia can increase oxidative

stress and activate NFκB, mediated by PKC [34, 35]. In

general, the principal pathophysiology of MS is an insulin

resistance, which, at the cellular level, is the result of

changes in the signaling pathway triggered by the activa�

tion of insulin receptor. One of the key changes is the

alteration of phosphorylation of intermediate proteins.

MSAG protein has two potential PKC phosphorylation

sites. Once the PKC is activated, PKC phosphorylation

sites of MSAG protein could be phosphorylated.

Furthermore, MSAG protein has one potential casein
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kinase II phosphorylation site. Casein kinase II (CKII) is

a ubiquitous serine/threonine protein kinase found in

eukaryotic cells. Insulin can rapidly increase the activity of

CKII. This protein kinase may act on glycogen synthase

by direct phosphorylation of the enzyme and through

phosphorylation of the inhibitor 2 of protein phosphatase

1, which is a prerequisite for or potentiates the subsequent

action of glycogen synthase kinase 3 (GSK3) on these sub�

strates [36]. CKII may alter the DNA binding of some

substrates by phosphorylation in vitro, which include sev�

eral steroid hormone receptors. MSAG protein might be

an intermediate protein in the signaling pathway, phos�

phorylated by PKC and CKII. By this process, MSAG

protein might deliver signals to subsequent intermediate(s)

and influence metabolisms of glucose and lipids.

In summary, a novel gene, MSAG, has been identi�

fied, which may be associated with derangements of the

metabolisms of glucose and triglycerides. Although the

function of MSAG and its possible roles in the develop�

ment of MS have not been elucidated yet and are cur�

rently under investigation in our laboratory, identification

of this novel gene may provide new ways for the elucida�

tion of the mechanism underlying MS and thus to possi�

ble better therapy of MS.
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